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Abstract
Background/Aims: The clinical syndromes of frontotemporal lobar degeneration include be-
havioral variant frontotemporal dementia (bvFTD) and semantic (SV-PPA) and nonfluent vari-
ants (NF-PPA) of primary progressive aphasia. Using magnetic resonance imaging (MRI), ten-
sor-based morphometry (TBM) was used to determine distinct patterns of atrophy between 
these three clinical groups. Methods: Twenty-seven participants diagnosed with bvFTD, 16 
with SV-PPA, and 19 with NF-PPA received baseline and follow-up MRI scans approximately 
1 year apart. TBM was used to create three-dimensional Jacobian maps of local brain atrophy 
rates for individual subjects. Results: Regional analyses were performed on the three-dimen-
sional maps and direct comparisons between groups (corrected for multiple comparisons us-
ing permutation tests) revealed significantly greater frontal lobe and frontal white matter 
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atrophy in the bvFTD relative to the SV-PPA group (p < 0.005). The SV-PPA subjects exhibited 
significantly greater atrophy than the bvFTD in the fusiform gyrus (p = 0.007). The NF-PPA 
group showed significantly more atrophy in the parietal lobes relative to both bvFTD and SV-
PPA groups (p < 0.05). Percent volume change in ventromedial prefrontal cortex was signifi-
cantly associated with baseline behavioral symptomatology. Conclusion: The bvFTD, SV-PPA, 
and NF-PPA groups displayed distinct patterns of progressive atrophy over a 1-year period 
that correspond well to the behavioral disturbances characteristic of the clinical syndromes. 
More specifically, the bvFTD group showed significant white matter contraction and presence 
of behavioral symptoms at baseline predicted significant volume loss of the ventromedial 
prefrontal cortex. Copyright © 2013 S. Karger AG, Basel

Introduction

The clinical syndromes of frontotemporal lobar degeneration (FTLD) include progres-
sive personality and behavioral alterations (behavioral variant frontotemporal dementia, 
bvFTD) and/or language-predominant disorders [1]. Of the language variants of FTLD, the 
semantic variant of primary progressive aphasia (SV-PPA) involves severe loss of meaning 
for both verbal and nonverbal concepts resulting in impaired naming and word compre-
hension in the context of fluent, effortless speech output. Nonfluent/agrammatic variant of 
primary progressive aphasia (NF-PPA) is a disorder of expressive language characterized 
by hesitant and effortful speech production, phonologic and grammatical errors, and diffi-
culties in word retrieval with relative preservation of comprehension [2].

In addition to having distinct clinical features, these three syndromes have also been 
associated with different regions of corresponding brain changes. At autopsy, the brains of 
patients with bvFTD show marked bilateral atrophy of the frontal and temporal lobes, most 
severely in the ventromedial regions of the orbitofrontal cortex, the anterior insula, and the 
anterior temporal regions, with relative preservation of posterior gyri [3, 4]; asymmetric 
changes can also be observed. Atrophy patterns of SV-PPA at postmortem have been metic-
ulously documented, emphasizing the involvement of the temporal pole and perirhinal 
cortex [5, 6]; atrophy of the lateral and ventral surfaces of the temporal lobes as well as the 
anterior hippocampus and amygdala [7, 8] have also been observed. NF-PPA is associated 
with anterior perisylvian atrophy involving inferior, opercular and insular portions of the 
left frontal lobe [7–9].

Several magnetic resonance imaging (MRI) studies have attempted to map in vivo brain 
structural changes associated with FTLD. Cross-sectional imaging studies have revealed 
significant atrophy of the frontal lobes in patients with bvFTD, affecting both gray and white 
matter [10]. A recent meta-analysis indicated gray matter changes in the frontal-striatal-
limbic regions associated with bvFTD [11]. Left temporal lobe atrophy, most strongly toward 
the temporal pole, was demonstrated in SV-PPA patients [12], while Mion et al. [13] reported 
on the involvement of the anterior fusiform gyrus in this population. In longitudinal studies, 
Chan et al. [14] documented annual whole brain volume loss of 3.7% per year with predom-
inant anterior frontal and temporal lobe atrophy. Whitwell et al. [15] found increased frontal, 
temporal, and parietal atrophy in a combined FTLD population and significantly increased 
atrophy rates in the inferior-lateral temporal gyrus, left posterior temporal lobe, and left-
inferior frontal regions of SV-PPA patients. Brambati et al. [16] identified anterior cingulate, 
medial frontal, insular, and temporal atrophy in early-stage frontotemporal dementia.

In recent years, an increasing number of studies have demonstrated white matter 
abnormalities associated with FTLD. Pathological investigations have documented moderate 
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frontal white matter gliosis with demyelination in frontotemporal dementia [17, 18] while 
MRI studies have shown white matter atrophy [10, 12, 19] and reduced white matter 
integrity, using diffusion tensor imaging markers [20–23], in this population. Regions that 
myelinate later in brain development such as the frontal lobes and the temporal lobes are 
comprised of smaller axons and the myelin sheaths have fewer myelin lamellae [24]; 
therefore, these regions tend to be more vulnerable to breakdown by a variety of brain 
insults including neurodegenerative disorders such as FTLD and Alzheimer’s disease 
[25–27]. Fiber-tracking analysis of diffusion tensor imaging data has also shown that the 
most prominent age-related deterioration of the white matter is observed in association 
fibers [28] that connect the regions last to complete myelination in the course of devel-
opment [29].

There is limited longitudinal structural imaging data on FTLD, and the studies summa-
rized above have primarily focused on gray matter atrophy [14–16, 30] with little attention 
to white matter changes. Tensor-based morphometry (TBM) is a relatively novel computa-
tional approach that can compare longitudinally acquired images and visualize the spatial 
profile of brain atrophy over time, including estimates of tissue volume loss at each voxel in 
the brain [31]. It was specifically chosen as the method of image analysis because it may be 
more sensitive in detecting changes in white matter volume as it does not require a segmen-
tation step and thus avoids  potential errors in accurate tissue classification due to  partial 
volume effects. This approach has been successfully used to study neurodegenerative as 
well as normal brain aging [32–35]. We applied the TBM technique to assess and compare 
the longitudinal patterns of neuroanatomical changes over a 1-year period in a large cohort 
of patients with different clinical variants of FTLD. The main objectives of the current study 
were to (1) replicate previous findings of longitudinal regional brain atrophy in FTLD, (2) 
directly compare regional patterns of brain atrophy, particularly white matter change, 
between the clinical variants of FTLD, and (3) examine the relationship between brain 
atrophy and progression in clinical and behavioral symptoms.

Material and Methods

Participants
Patients with a diagnosis of FTLD between the ages of 46 and 78 were recruited from five academic 

medical centers. All subjects or their responsible family member received written and oral information 
about the study and signed written informed consents approved by the local institutional review board 
of the clinical sites prior to study participation. The inclusion and exclusion criteria have been previously 
reported [36]. Consensus criteria were used for diagnosing the syndromes of bvFTD, NF-PPA, and SV-PPA 
[1, 37]. The number of subjects contributed by each center (anonymized) are detailed in table 1 and the 
distribution of patients with each clinical syndrome did not differ significantly across centers (χ2 = 1.99, 
d.f. = 8, p = 0.98). Structural brain imaging was performed at baseline and approximately 1 year later.

MRI Acquisition
Baseline and follow-up MR images were acquired using a 1.5-tesla MR instrument with three-dimen-

sional T1-weighted imaging sequences. The following scanning parameters were used: repetition time of 
23 ms, echo time of 5.66 ms, flip angle of 25°, 24 cm field of view, 256 × 192 acquisition matrix with slice 
thickness of 1.6 mm, and acquired resolution of 0.9375 × 0.9375 × 1.6 mm.

To ensure correct execution of specified image sequences, during the qualifying phase, image data 
from a volunteer were sent by all participating sites to the Mayo Clinic for checking of the pulse sequence 
parameters. Evaluation of signal-to-noise ratio and geometric distortion was accomplished by scanning a 
standardized phantom on a weekly basis to ensure that these parameters were within predetermined 
specifications. Each MR examination was logged into a database and checked for protocol compliance and 
image artifacts.
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Overview of TBM
MRI data were analyzed with TBM, which allows investigation of regional volume changes in brain 

substructures by globally aligning serially acquired brain images into a common brain template before 
applying localized deformations to adjust each subject’s anatomy to match the global group-averaged 
template. The methods were developed at the Laboratory of NeuroImaging and have been extensively 
tested and validated. Briefly, our implementation of TBM involves (1) nonlinearly deforming/warping the 
follow-up image to the baseline image using a mutual information-based inverse-consistent elastic regis-
tration algorithm (3DMI) and (2) using the three-dimensional Jacobian determinant maps of the defor-
mation fields (mathematically defined by computing the determinant maps of the pointwise Jacobian 
operator applied to these deformations) to gauge the local volume differences between baseline and 
follow-up images. The determinant maps can be statistically analyzed on a voxel level to identify group 
differences in brain structure, such as localized atrophy or tissue excess.

Image Preprocessing
An automated Brain Surface Algorithm from Brainsuite [38] was applied, along with manual 

editing, to remove skull and other nonbrain tissues. We then corrected intensity  inhomogeneity caused 
by nonuniformities in the radio frequency receiver coils using the N3 bias field algorithm proposed by 
Sled et al. [39]. All follow-up scans were first aligned to the same subject’s baseline scan. To adjust for 
global differences in brain positioning, orientation, and scaling across individuals, both baseline and 
follow-up scans were subsequently registered using 6-, 7- and 9-parameter transformations (3 transla-
tions, 3  rotations, and 3 scales) to a single-target scan, randomly selected from our sample, that had 
been affinely registered to the stereotactic space defined by the International Consortium for Brain 
Mapping (ICBM-53) [40]. Globally aligned images were resampled in an isotropic space of 230 voxels 
along each axis (x, y, and z dimensions) with an interpolated voxel size of 1 mm3.

To inspect the quality of the 9-parameter registrations, we used a three-dimensional visualization 
tool called REGISTER, which automatically overlays the arbitrary slice geometry of each scan pair in ICBM 
space. All scans were confirmed to have satisfactory alignment without noticeable distortion or mismatch.

Quantifying Structural Changes over Time
To quantify three-dimensional patterns of volumetric brain atrophy over time for each subject, an 

individual change map, or Jacobian map, was computed by nonlinearly registering the follow-up scan to 
the baseline scan using 3DMI [41].

For each subject, a local tissue growth/atrophy map was obtained by calculating the local Jacobian 
determinant (i.e., ‘expansion factor’) of the deformation field, which measures progressive volume 
contraction (Jacobian <1) or volume expansion (Jacobian >1), at each voxel. Jacobian maps were also 
spatially normalized across subjects by nonlinearly aligning all individual maps to a minimal deformation 
template (MDT), for regional comparisons and group statistical analysis. The MDT represented the 
average shape of 10 bvFTD, 10 SV-PPA, and 10 NF-PPA age- and gender-matched participants; the procedure 
to construct the MDT is detailed in Hua et al. [42]. Average Jacobian maps were computed by taking the 
mean at each voxel of the individual Jacobian maps across subjects. All results and statistical analyses are 
based on the Jacobian maps.

Regions of Interest
The regions of interest (ROI), comprised of frontal, temporal, parietal, and occipital lobes, as well as 

the ventromedial prefrontal cortex (VMPFC) and fusiform gyrus, were manually hand-traced by a trained 

bvFTD SV-PPA NF-PPA Total

Center 1 8 4 4 16
Center 2 6 3 4 13
Center 3 4 2 4 10
Center 4 7 4 5 16
Center 5 2 3 2 7

Table 1. Number of subjects 
recruited by each center by 
clinical groups
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anatomist on the MDT to generate binary masks for each lobe, which were subsequently used to summarize 
brain atrophy at a regional level in each group. Within each lobe, tissue types were distinguished by 
creating maps of gray and white matter, cerebrospinal fluid, and nonbrain tissues using the partial volume 
classification algorithm from the Brainsuite software program [38].

Cognitive, Behavioral, and Functional Assessment
A battery of cognitive, functional, and behavioral assessment was performed at baseline and at the 

follow-up visit. The specific instruments have been previously described in detail [37] and include the 
Clinical Dementia Rating (CDR) Scale [43], which contains two additional FTLD-specific items that assess 
alterations in behavior and language [37], the Neuropsychiatric Inventory (NPI) [44], and the Frontal 
Behavioral Inventory (FBI) [45]. For the above measures, higher scores indicate more severe symptom-
atology. Neuropsychological measures include the Mini-Mental State Examination (MMSE) [46], a short 
form of the California Verbal Learning Test (CVLT-IIS) [47], Digits Backward, Digit Symbol, and Similar-
ities Subtests from the Wechsler Adult Intelligence Scales – Revised [48], Number Cancellation [49], 
Golden version of the Stroop Test [50], Simplified Trailmaking [37], Verbal Fluency [51], and Boston 
Naming Test (BNT) [52].

Two cognitive test composites were computed to present the neuropsychological scores in a concise 
manner. The rationale and details regarding the development of the composite scores were previously 
described [37]. The executive composite (EXEC) is comprised of six measures (Simplified Trailmaking, 
Digits Backward, Digit Symbol, Stroop Test, Number Cancellation, and number of errors summed across 
three difference tasks). A language composite (LANG) includes 5 variables (BNT, Letter Fluency, Semantic 
Fluency, Similarities Subtest, and total words recalled across the learning trials on the CVLT-IIS). A number 
of participants were unable to complete at least one of the tests at baseline or at follow-up; participants 
with missing data were excluded from these analyses.

Statistical Analyses
To illustrate systematic differences in atrophic rates between the three FTLD syndromes, we 

constructed voxel-wise statistical maps based on the Student’s t statistic. The Jacobian maps of the 
bvFTD, SV-PPA, and NF-PPA groups were compared against each other using permutation-based two-
sample t tests to assess overall significance of group differences inside each ROI, corrected for multiple 
comparisons [53–56]. In brief, a null distribution for the group differences in atrophic rates (Jacobian 
values) at each voxel was constructed using 10,000 random permutations of the data. For each test, the 
subjects’ diagnostic status (bvFTD vs. SV-PPA; bvFTD vs. NF-PPA; SV-PPA vs. NF-PPA) was randomly 
permutated and voxel-wise t tests were conducted to identify voxels more significant than p = 0.05. The 
volume of voxels inside a defined ROI (i.e., frontal lobes) more significant than p = 0.05 was computed for 
the real experiment and for the random assignments. A ratio, describing the fraction of the time the 
t-statistic was more extreme in the randomized tests than the original test, was calculated to yield an 
overall p value for the significance of the map (corrected for multiple comparison by permutation). A 
numeric summary of the mean atrophy rate (percent volume loss/gain over 1 year) for all voxels within 
each ROI was computed for each person. This approach has been used in prior work [32–35].

Behavioral and cognitive assessment results at baseline were compared between clinical groups 
using one-way analyses of covariance (ANCOVA) with age as covariate. Post hoc analyses of significant 
group differences were performed using pairwise t tests. Changes in cognitive, behavioral, and functional 
performance over time were computed as simple difference scores between baseline and follow-up evalu-
ations. FTLD-related subscales of NPI (Euphoria, Apathy, and Disinhibition) were dichotomized into 
presence or absence of symptoms and compared using χ2 tests. Linear regression analyses were performed 
to examine the association of baseline scores on behavioral scales with longitudinal brain changes (as 
represented by mean percent volume change) in the combined FTLD groups. CDR-Behavior, CDR-Language, 
and NPI subscales were dichotomized into presence or absence of symptoms then independent t tests were 
performed to compare the percent volume change in VMPFC between symptom and no-symptom groups. 
The level of significance was set at α of 0.05.

D
ow

nloaded from
 http://w

w
w

.karger.com
/dem

/article-pdf/35/1-2/34/2569207/000345523.pdf by guest on 18 April 2024

http://dx.doi.org/10.1159%2F000345523


39Dement Geriatr Cogn Disord 2013;35:34–50

 DOI: 10.1159/000345523 

 Lu et al.: Patterns of Brain Atrophy in Clinical Variants of FTLD 

www.karger.com/dem
© 2013 S. Karger AG, Basel

Results

Baseline Characteristics
The demographic characteristics and global cognitive ability are summarized in table 

2. ANOVA analyses revealed a significant difference in age among the clinical groups. Post 
hoc Tukey tests revealed that the bvFTD group was significantly younger than the SV-PPA 
group. The age of the NF-PPA group was intermediate to and nonstatistically different from 
that of the other two groups.

Descriptive statistics for functional, behavioral, and cognitive assessments, sepa-
rated by domains, are  provided for each FTLD group in table 3. The pattern of deficits 
elucidated by these measures generally  conforms to the impairments characteristic of 
each  syndrome. The bvFTD subjects exhibited significantly worse scores than either 
SV-PPA or NF-PPA groups on measures of behavioral and personality alterations including 
the CDR-Behavior subscale, the FBI, and the NPI; the two language groups did not differ 
significantly from each other on these instruments. In addition, significantly greater 
number of bvFTD patients exhibited symptoms of euphoria, apathy, and disinhibition on 
the NPI than the two language groups. On neuropsychological testing, no significant group 
differences were observed on the EXEC score although the NF-PPA group performed 
significantly worse than the bvFTD and the SV-PPA groups on the Digit Backward subtest 
(p = 0.017). There were no significant group differences on the other measures that 
comprise the EXEC domain score (p > 0.07).

With regards to language functioning, a significant group difference was observed on 
the LANG composite with the SV-PPA group scoring significantly lower than the bvFTD and 
NP-PPA groups. Post hoc analysis of individual measures indicated that the SV-PPA group 
performed significantly worse than bvFTD and NF-PPA groups on measures of semantic 
knowledge and retrieval, semantic verbal fluency, and verbal abstraction (BNT, Category 
Fluency, and Similarities), but no significant group difference was observed for phonemic 
verbal fluency. The bvFTD and NF-PPA groups did not differ on any of the language measures. 
On the CDR-Language subscale, both SV-PPA and NF-PPA groups displayed significantly 
greater impairment than the bvFTD group; the two PPA groups did not differ from each 
other on this measure.

Brain Atrophy Rates
Individual Jacobian maps showing the relative change in volume from baseline to follow-

up were averaged within the bvFTD, SV-PPA, and NF-PPA groups to visualize the regional 
rates of change for each clinical syndrome (fig. 1). These maps show the mean percent tissue 

Table 2. Demographic variables by FTLD clinical groups

Demographic variables bvFTD (n = 27) SV-PPA (n = 16) NF-PPA (n = 19) F or 2 p

Age, years 60.4±9.0* 68.5±8.1* 64.6±6.6 5.24 0.008
Education, years 15.6±2.2 15.0±2.7 14.3±2.5 1.59 0.213
Gender (males/females) 17/10 9/7 8/11 1.98 0.372
White, % 89 100 95 1.84 0.179
Time between scans, years 1.07±0.12 1.09±0.16 1.12±0.20 0.55 0.58

* p < 0.05: Post hoc Tukey test indicated that the bvFTD and SV-PPA groups differed significantly from 
each other but neither group differed significantly from the NF-PPA group. Results are presented as means 
± SD.
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loss (in blue color) or ventricular enlargement (in red color) over the 1-year interval. In the 
bvFTD group (top row), the maps show progressive atrophy in the superior and middle 
frontal lobes as well as the anterior temporal lobes with relative sparing of the posterior 
regions. They also demonstrate expansion of the lateral ventricles, especially in the anterior 
regions. In the SV-PPA group (middle row), the most atrophy was observed in the anterior, 
middle, and inferior temporal lobes, as well as expansion of the anterior and posterior lateral 
ventricles, with relative sparing of the frontal regions. For the NF-PPA group (bottom row), 
the maps suggest more widespread progressive atrophy throughout the frontal, temporal, 
and parietal regions. To test whether there were statistically significant regional differ-
ences in volume change between groups over this 1-year period, we conducted regional 
voxel-wise tests controlled for multiple comparisons.

bvFTD versus SV-PPA
Jacobian maps of the bvFTD group were compared directly against the SV-PPA group to 

yield the statistical maps shown in figure 2, which display regions of significant difference in 
atrophy rates between groups. Permutation tests provided regional p values corrected for 
multiple comparisons. Compared to SV-PPA, the bvFTD group demonstrated significantly 
higher rate of atrophy in the frontal lobes (top row; p = 0.005), particularly in the frontal 
white matter (p = 0.002) involving the superior, middle, and inferior frontal regions (greater 

Table 3. Baseline scores for cognitive, behavioral, and functional assessment across the three FTLD 
syndromes, adjusted for age

bvFTD SV-PPA NF-PPA F <p

n mean ± SD n mean ± SD n mean ± SD

Behavioral measures
CDR Sum of Boxes 27 4.3±2.3a 16 3.0±3.2 19 2.1±2.3b 3.73 <0.030

CDR-Behavior 27 1.40±0.75a 16 0.65±0.54b 19 0.36±0.58b 14.87 <0.0001
CDR-Language 27 0.42±0.54a 16 1.53±0.61b 19 1.69±0.80b 23.11 <0.0001

FBI score 25 27.4±12.6a 16 17.2±11.2b 19 13.7±9.2b 8.13 <0.0008
NPI total score 26 30.9±18.8a 16 16.2±16.7b 19 11.9±12.9b 7.39 <0.001

Euphoria, yes/no 26 11/15 16 2/14 19 2/17 14.90 <0.0006
Apathy, yes/no 26 22/4 16 10/6 19 4/15 18.45 <0.0001
Disinhibition, yes/no 26 18/8 16 7/9 19 3/16 12.67 <0.002

Cognitive domain/tests
Global cognitive ability

MMSE 21 26.1±3.1 14 23.6±4.4 10 23.7±6.2 1.54 <0.226
Executive composite (EXEC) 21 0.147±0.68 15 –0.015±0.55 10 –0.286±0.93 1.34 <0.272

Trailmaking Time, s 21 52.3±30.8 15 60.9±37.7 10 67.4±38.9 0.66 <0.524
Digits Backward 21 4.1±1.3a 15 4.0±1.3a 10 2.7±1.3b 4.47 <0.017
Digit Symbol 21 48.8±15.1 15 48.3±18.2 10 46.6±18.4 0.06 <0.939
Number Cancellation 21 28.5±10.6 15 28.9±8.1 10 26.9±10.1 0.16 <0.853
Stroop Interference 21 29.8±19.3 15 17.7±11.2 10 19.5±11.5 2.71 <0.078

Language composite (LANG) 21 0.33±0.55a 15 –0.64±0.73b 10 0.26±0.87a 8.20 <0.001
BNT 21 23.1±7.2a 15 5.0±5.2b 10 23.5±8.6a 29.74 <0.0001
Letter Fluency 21 25.3±13.3 15 20.2±13.1 10 16.5±10.9 1.64 <0.206
Category Fluency 21 28.1±9.4a 15 13.2±11.5b 10 27.3±13.1a 7.65 <0.002
Verbal Similarities 21 15.3±6.4a 15 9.1±7.3b 10 18.4±8.0a 5.41 <0.008
CVLT-IIS Learning 21 20.3±5.1a 15 13.5±7.3b 10 19.7±11.1 3.46 <0.041

Groups denoted by different superscript letters differ by p < 0.05 after pair-wise t test.
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on the right side). Conversely, SV-PPA demonstrated significantly higher atrophy rates than 
bvFTD in the left inferior temporal gyrus involving the fusiform gyrus (bottom row, left, p = 
0.007), but not on the right. The SV-PPA group also exhibited significantly greater expansion 
in the posterior ventricles when compared to the bvFTD group (p = 0.015).

NF-PPA versus bvFTD
When bvFTD was compared to NF-PPA (fig. 3), the NF-PPA group exhibited signifi-

cantly higher rates of progressive atrophy in the parietal lobes (p = 0.022) and posterior 
frontal white matter (p = 0.049) compared to the bvFTD group (top row). Higher rates of 
atrophy were also seen in the inferior temporal region though permutation tests were 
only marginally significant (p = 0.07). Conversely, the bvFTD group demonstrated signif-
icantly greater atrophy in the ventromedial prefrontal region (p = 0.017) compared to the 
NF-PPA group.

bvFTD

SV-PPA

+20%

–10%

NF-PPA

L R R

Fig. 1. Regional brain atrophy over 1 year for bvFTD, SV-PPA, and NF-PPA syndromes of FTLD. Jacobian 
maps showing the mean annual rate of atrophy of brain tissue (in blue color) and ventricular enlargement 
(in red color) for the bvFTD (top row), SV-PPA (middle row), and NF-PPA (bottom row) subjects. These tis-
sue changes are shown as percentages, relative to the baseline scan, and are computed within each indi-
vidual before averaging across subjects in the group.
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Fig. 2. Statistical maps showing regions of significant differences in atrophy rates over 1 year between 
bvFTD and SV-PPA groups. The top row depicts significance maps showing that the bvFTD demonstrate 
significantly greater annual atrophy rate (as indicated in brown color) in the right frontal white matter 
than the SV-PPA group. Significantly greater expansion in the posterior lateral ventricles of the SV-PPA 
group, relative to the bvFTD group, is also shown. In the bottom row, significance maps show regions of 
greater atrophy in the left fusiform gyrus of the SV-PPA group compared to the bvFTD group.

p = 0

p < 0.05

Fig. 3. Statistical maps showing regions of significant differences in atrophy rates over 1 year between 
bvFTD and NF-PPA groups. Significance maps showing that the NF-PPA group demonstrate significantly 
greater annual atrophy rate (as indicated in brown color) in the superior parietal white matter compared 
to the bvFTD (top row). bvFTD had significantly greater rate of atrophy in the ventromedial prefrontal 
region compared to the NF-PPA group (bottom row).
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NF-PPA versus SV-PPA
NF-PPA demonstrated significantly higher atrophy rates in the frontal lobes (p = 0.001), 

temporal lobes (p = 0.047), and parietal lobes (p = 0.002) compared to SV-PPA (fig. 4). In 
contrast, SV-PPA showed no regions of significantly greater atrophy than NF-PPA.

Change in Performance on Cognitive, Behavioral, and Functional Measures
At 1-year follow-up, all groups demonstrated increased behavioral symptomatology on 

measures of behavioral and functional abilities (table 4); however, ANCOVA adjusted for age 
at baseline did not reveal any significant differences in the change scores among the three 
clinical variants (p > 0.22). On neuropsychological measures, the change scores did not 
differ significantly among the three FTLD groups on either EXEC or LANG composite 
measures or any of the individual measures (p > 0.09). Numerically, the bvFTD group demon-
strated greater decline in performance across the neurocognitive measures, but the group 
comparisons were not statistically significant.

Pearson correlation, partialling out diagnosis and age, revealed a marginally significant 
relationship between rate of change in total white matter volume and change in EXEC score 
(r = 0.300, p = 0.049). No other longitudinal cognitive-structural associations reached statis-
tical significance (p > 0.12).

Relationship between Baseline Behavior and Longitudinal Brain Atrophy
Mean annualized Jacobian values within each ROI, indicating rates of atrophy (in 

percent volume change per year), were computed for each subject. Simple linear regres-
sions were performed to examine the impact of FTLD-specific behavioral symptoms at 

p = 0

p < 0.05
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Fig. 4. Statistical maps showing regions of significant differences in atrophy rates over 1 year between 
SV-PPA and NF-PPA groups. Significance maps showing that the NF-PPA group demonstrate significantly 
greater diffuse atrophy, including the frontal, parietal, and occipital lobes compared to the SV-PPA sub-
jects (top row). In contrast, the SV-PPA group did not show any regions of greater atrophy relative to the 
NF-PPA group (bottom row).
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baseline on rates of brain atrophy for the combined FTLD groups. Percent volume change 
in VMPFC was significantly associated with several measures of behavioral symptom-
atology including CDR-Behavior (β = –1.78, SE = 0.62, p = 0.006), NPI subscales Euphoria
(β = –1.63, SE = 0.60, p = 0.009), Apathy (β = –1.59, SE = 0.56, p = 0.007), and Disinhibition 
(β = –1.33, SE = 0.566, p = 0.022). Percent volume change in VMPFC was then compared 
between subjects with and without symptoms on FTLD-specific CDR and NPI subscales. 
The results are summarized in table 5, indicating significantly greater VMPFC volume loss 
over 1 year for those with behavioral symptoms at baseline.

In addition, the NPI-Euphoria subscale had significant associations with percent volume 
loss in total white matter (β = 1.37, SE = 0.60, p = 0.025), frontal lobes (β = –1.39, SE = 0.56, 

Table 4. Change scores at follow-up for cognitive, behavioral, and functional assessment across the three FTLD 
syndromes – adjusted for age

bvFTD SV-PPA NF-PPA F p

n mean ± SD n mean ± SD n mean ± SD

Behavioral measures
CDR Sum of Boxes 24 2.55±2.7 16 2.88±2.0 16 2.30±3.4 0.17 0.842

CDR-Behavior 24 0.23±0.59 16 0.59±0.64 16 0.28±0.60 1.54 0.225
CDR-Language 24 0.13±0.63 16 0.09±0.58 16 0.41±0.99 0.90 0.414

FBI score 22 5.99±8.26 14 7.69±9.56 18 4.42±8.25 0.55 0.580
NPI total score 27 3.11±19.4 16 10.22±16.7 19 2.38±12.9 1.30 0.280

Cognitive domain/tests
Global cognitive ability

MMSE 21 –2.40±4.0a 13 –8.08±5.1b 10 –4.00±4.6 5.22 0.010
Executive composite (EXEC) 21 –0.44±0.40 15 –0.26±0.52 10 –0.16±0.25 1.68 0.199

Trailmaking Time, s 21 16.1±31.8 15 5.5±46.4 10 7.5±19.5 0.39 0.677
Digits Backward 21 –0.76±1.18 15 –0.54±1.41 10 0.00±.82 1.31 0.280
Digit Symbol 21 –6.78±10.4 15 –4.10±17.1 10 –4.82±9.4 0.18 0.837
Number Cancellation 21 –2.5±5.7 15 –4.8±8.8 10 –3.2±3.8 0.45 0.642
Stroop Interference 21 –7.4±10.7 15 –4.9±8.3 10 –4.0±8.0 0.50 0.608

Language composite (LANG) 21 –0.35±0.25 15 –0.35±0.23 10 –0.25±0.25 0.60 0.555
BNT 21 –2.11±3.84 15 –1.78±2.83 10 –1.89±1.73 0.04 0.957
Letter Fluency 21 –5.15±6.99 15 –6.12±6.05 10 –0.41±6.15 2.48 0.096
Category Fluency 21 –6.52±4.54 15 –4.80±4.56 10 –5.41±6.08 0.48 0.623
Verbal Similarities 21 –2.26±3.84 15 –3.51±3.35 10 –3.30±7.06 0.32 0.727
CVLT-IIS Learning 21 –2.79±4.98 15 –2.10±2.96 10 –1.59±4.03 0.28 0.757

Groups denoted by different superscript letters differ by p < 0.05 after pair-wise t test.

Table 5. Percent volume change in VMPFC over 1 year in those with and without behavioral symptoms

Behavioral measures With symptoms  Without symptoms t p

n mean ± SD n mean ± SD

CDR-Behavior 42 –3.23±2.30 20 –1.45±2.27 2.86 0.006
CDR-Language 47 –2.56±2.29 15 –2.93±2.88 0.51 0.611
NPI-Euphoria 42 –3.88±2.07 19 –2.25±2.21 2.72 0.009
NPI-Apathy 36 –3.41±2.02 25 –1.82±2.35 2.82 0.007
NPI-Disinhibition 28 –3.48±1.96 33 –2.15±2.39 2.35 0.022
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p = 0.017), and temporal lobes (β = –1.15, SE = 0.56, p = 0.045). Frontal Behavioral Inventory 
score was significantly associated with percent volume loss in total white matter (β = 
–0.056, SE = 0.022, p = 0.013) and frontal lobes (β = –0.047, SE = 0.021, p = 0.030) while the 
association with frontal white matter was marginally significant (β = 0.001, SE = 0.0006,
p = 0.062). CDR-Language did not have any significant associations with atrophy rate in the 
brain regions assessed (p > 0.39).

Discussion

Using TBM, we mapped and compared regional differences in the progression of brain 
atrophy over a 1-year period among patients with three clinical syndromes of FTLD. In 
comparison to the language variants, bvFTD subjects demonstrated significantly higher 
rates of frontal atrophy, though there was variability in the specific regions of difference. 
The bvFTD group exhibited greater atrophy than the NF-PPA group in the VMPFC, but 
showed greater atrophy in the inferior, middle and superior frontal gyri compared to SV-PPA. 
The SV-PPA group showed higher annual atrophy rates than bvFTD in the left inferior 
temporal lobes, including the fusiform gyrus, which corresponds to the language distur-
bances and prosopagnosia that are specific to SV-PPA. Greater expansion of the posterior 
horns of the lateral ventricles was also observed in SV-PPA compared to bvFTD. The patterns 
of regional atrophy reported in our SV-PPA group are very consistent with the literature, 
particularly the involvement of the fusiform gyrus [13, 16]. Other longitudinal imaging 
studies using TBM or similar approaches also described gray matter contraction in the 
temporal pole and increased rates of volume loss in the right inferolateral temporal gyrus 
of SV-PPA subjects compared to healthy controls, with sparing of parietal, occipital, and 
dorsal frontal brain regions [15, 16].

While the above results replicate previous reports on the distribution of brain atrophy 
in clinical subtypes of FTLD, a novel finding of our study is that the bvFTD subjects demon-
strated significantly more longitudinal white matter contraction than the SV-PPA group in 
the superior and inferior frontal lobes. Even though select cross-sectional studies have 
shown white matter atrophy in FTLD on structural MRI [10, 12, 19], the data on longitudinal 
white matter changes in FTLD is much more limited. White matter damage, specifically 
moderate frontal white matter gliosis with demyelination, has been documented patholog-
ically in frontotemporal dementia patients [17, 18]. Broe et al. [57] have suggested that white 
matter atrophy occurs in later stages of frontotemporal dementia and reflects severe gray 
matter and neuronal cell loss, but other reports have demonstrated that white matter 
atrophy occurs during earlier stages of the disease [19]. Furthermore, recent studies have 
reported change in white matter integrity of patients with frontotemporal dementia using 
diffusion tensor imaging markers [20–23]. Our findings support and extend existing liter-
ature suggesting that white matter degeneration may be a direct consequence and a major 
pathological feature of bvFTD, consistent with histopathological evidence of tau deposition 
in white matter of bvFTD patients [58].

Myelination and the maintenance and repair of these highly vulnerable tissues is respon-
sible for the exquisitely synchronized timing of action potentials that underlie neuronal 
network oscillations necessary for optimal human cognitive and behavioral functioning [59, 
60]. Regions such as the frontal and temporal lobes that myelinate later in the develop-
mental process have fewer oligodendrocytes supporting greater numbers of axons compared 
to earlier-myelinated regions (e.g., primary sensorimotor regions), and the axons are smaller 
with fewer myelin lamellae [24]. Oligodendrocytes in these cortical association areas have 
particularly high metabolic demands in order to maintain the widely distributed network 
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of axons, which makes these axons more susceptible to breakdown from pathological 
processes [59]. The symptoms most often manifested by patients with FTLD (behavioral 
inhibition, language disturbance) may result from disruption of the circuitry containing 
late-myelinating, high-workload fibers and eventual white matter degradation in the cortical 
association regions [60].

Another novel finding in our study is that the pattern of atrophy exhibited by our NF-PPA 
group was more global than expected, involving frontal, temporal, and parietal regions, and 
they did not demonstrate the characteristic left-dominant pattern associated with this 
population [61, 62]. Even though the bvFTD group exhibited greater atrophy in the VMPFC 
than NF-PPA participants, the NF-PPA group displayed a significantly greater rate of atrophy 
than either bvFTD or SV-PPA groups in the posterior frontal and parietal lobes, particularly 
in the white matter, further highlighting the involvement of white matter in the pathology 
of FTLD. As the disease progresses, atrophy in NF-PPA can extend posteriorly along the 
Sylvian fissure into the parietal lobe [62]. However, we also acknowledge the possibility that 
the observed increase in parietal atrophy may indicate underlying Alzheimer’s pathology in 
some of the NF-PPA subjects. Several reports have documented cases of autopsy-confirmed 
Alzheimer’s pathology in patients who presented with clinical symptoms of NF-PPA [63–69]. 
Alternatively, a subset of patients with nonfluent aphasia has been documented to progress 
into corticobasal degeneration, which share a common pathology of tau inclusion and exhibit 
frontoparietal lobe atrophy on neuroimaging [70]. Therefore, our NF-PPA group may 
represent an admixture of heterogeneous etiology, which can only be verified through path-
ological studies.

Our results revealed that specific behavioral symptoms at baseline predicted longitu-
dinal changes in corresponding brain regions. The presence of frontal lobe-mediated behav-
ioral manifestations, such as euphoria, apathy, and disinhibition, was associated with 
greater longitudinal volume loss of the VMPFC. Measures that assess a broader spectrum of 
both ‘positive’ and ‘negative’ frontal-executive symptoms were sensitive to rates of atrophy 
in frontal lobes and white matter volume. Similar structural-function relationships were 
observed within SV-PPA and NF-PPA subgroups when examined separately (data not shown). 
These findings underscore the specificity in the relationship between focal anatomical 
abnormalities and behavioral expression in this population, which traverses the boundaries 
of putative clinical definitions. Examination of the relationship between prospective changes 
in brain volume with deterioration in clinical and cognitive symptoms yielded only a 
marginally significant correlation between change in EXEC score and total white matter 
volume but not with more specific regions. The absence of more striking associations may 
be partially attributed to floor effects as performance on select measures may already be 
severely impaired at baseline for specific syndromic groups (i.e., BNT for SV-PPA), which 
then obscures the magnitude of the change scores.

The strengths of the present study include the longitudinal design in which each subject 
acts as his/her own control; measurement of intraindividual rates of change yields greater 
sensitivity for detection of subtle brain changes over time and overcomes the problem of 
interindividual variation in brain structure. Several important study limitations should also 
be acknowledged. Combining scans from multiple centers increases the power of the study 
but introduces the possibility of intercenter variability in diagnosis, MR instrument, and 
procedures. However, the participating centers are known for their expertise in FTLD, and 
the study design is balanced such that each site contributed participants from each clinical 
group, thus scanner differences affect all subjects and is not specific to one clinical subgroup. 
Another limitation is the uncertainty of the definitive diagnosis or the underlying histopa-
thology of the patients studied. Careful follow-up of patients without a change in their 
clinical diagnoses may improve the gold standard in clinical studies. The SV-PPA group was 
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significantly older than the bvFTD group, but adjusting for age did not meaningfully alter 
the results. Furthermore, one would expect increased age to be associated with greater 
rates of atrophy, but the younger bvFTD group actually exhibited more atrophy than SV-PPA.

The ability to track regional atrophy over time can help refine differential diagnosis and 
monitor disease progression in FTLD and identify patterns of neurodegeneration specific to 
each clinical syndrome. Even though the subjects were scanned only 1 year apart, our TBM 
data were able to show distinct regional patterns of atrophy, suggesting that this method 
can be a sensitive approach for detecting syndrome-specific longitudinal brain changes. 
Additionally, significantly greater progression of white matter loss was observed in the 
bvFTD group compared to the semantic-variant syndromes of FTLD, which was also related 
to frontal lobe behavioral symptoms. Even though there are limitations to our study as the 
findings in the NF-PPA group were less specific, further investigation of early changes in 
white matter would be merited given that it may provide potentially sensitive indicators for 
detecting syndrome-specific longitudinal brain changes.
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